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To navigate in the world, an animal’s brain must pro-
duce commands to move, change direction, and
negotiate obstacles. In the insect brain, the central
complex integrates multiple forms of sensory infor-
mation and guides locomotion during behaviors
such as foraging, climbing over barriers, and navi-
gating to memorized locations. These roles suggest
that the central complex influences motor com-
mands, directing the appropriate movement within
the current context. Such commands are ultimately
carried out by the limbs and must therefore interact
with pattern generators and reflex circuits that coor-
dinate them. Recent studies have described how
neurons of the central complex encode sensory in-
formation: neurons subdivide the space around the
animal, encoding the direction or orientation of stim-
uli used in navigation. Does a similar central-complex
code directingmovement exist, and if so, how does it
effect changes in the control of limbs? Recording
fromcentral-complex neurons in freely walking cock-
roaches (Blaberus discoidalis), we identified classes
of movement-predictive cells selective for slow or
fast forward walking, left or right turns, or combina-
tions of forward and turning speeds. Stimulation
through recording wires produced consistent trajec-
tories of forward walking or turning in these animals,
and those that elicited turns also altered an inter-joint
reflex to a pattern resembling spontaneous turning.
When an animal transitioned to climbing over an
obstacle, the encoding of movement in this new
context changed for a subset of cells. These results
indicate that encoding of movement in the central
complex participates in motor control by a distrib-
uted, flexible code targeting limb reflex circuits.
INTRODUCTION
The central complex of the insect brain is an essential region for
sensorimotor integration (reviewed in [1–3]). Neurons in the cen-
tral complex and lateral accessory lobe of various insects
respond to multiple sensory modalities including visual (polar-Current Biology 25, 2795–28ized and unpolarized light) and mechanosensory (from antennal
and other receptors) information [4–12]. The functional anatomy
of sensory input to the central complex is best described in the
precisely organized ‘‘sky compass’’ of locusts. In these animals,
the position of the sun relative to the body is represented across
the central complex by neurons selective for a particular orienta-
tion of polarized light [13]. Neurons in the ellipsoid body of
Drosophila also map the location of a stimulus in the animal’s vi-
sual field [6]. Other features of central-complex anatomy (regular
columnar organization, decussation of columnar cell fibers of
connecting substructures, and diversity of tangential cells con-
necting across columns) have led several authors to suggest
that the medial-lateral axis of the central complex represents
and processes stimuli in the space around the left-right axis of
the animal [2, 14].
The central complex is necessary for many behaviors that use
sensory information to guide movement. For example, central-
complex neurons in the cockroach have a diversity of responses
to optic flowstimuli, and there is a corresponding deficit in the op-
tomotor response when the central complex is inactivated by
anesthetic [11]. Anatomical defects of the central complex in
mutant flies impair visual control of flight [15, 16] and walking
[17–19]. Physical lesions in the cockroach central complex impair
the animal’s ability to use mechanosensory information from the
antennae in negotiating turns or obstacles [20, 21]. Silencing or
blocking plasticity in Drosophila central-complex neurons im-
pairs learning that involves orienting to visual stimuli [19, 22,
23]. The central complex is thus critical in converting sensory
information into goal-directed locomotion. We have previously
reported that cells in the central complex predict the speedof for-
ward walking [24] and turning [25] in tethered animals. Here, we
test how these neurons represent the range of movements avail-
able to a freely walking animal, and how this central-complex
activity can ultimately shape the activity of thoracic circuitry con-
trolling leg movements to direct locomotion. Finally, we examine
how that representation changes when the animal must also
climb over a barrier. The results clarify a critical component of
navigation in insects: how the insect brain directs thebody topro-
duce locomotion along the intended heading.RESULTS AND DISCUSSION
A Central-Complex Code for Locomotion Direction
We recorded the activity of neurons in the central complex of
cockroaches as they freely explored an arena (Figure 1A; Movie
S1). A subset of recorded central-complex neurons (47 out of03, November 2, 2015 ª2015 Elsevier Ltd All rights reserved 2795
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Figure 1. Locomotor-Related Activity in
the Central Complex of the Freely Moving
Cockroach
(A) The path of a cockroach exploring the open
arena. Color indicates firing rate of an example
central-complex neuron during each segment. Black
dots indicate the position of the cockroach every five
frames.
(B) Raw spike times (rasters), the smoothed
firing rate of a central-complex neuron (orange),
and translational velocity (blue) and rotational
velocity (cyan) of the animal during the bouts
indicated at (i) and (ii) in (A). Gray shading indicates
the delay between peaks in the firing rate and
peak rotational velocity of the resulting movement
bout.
(C) Kernels generated for this example neuron by a
generalized linear model, showing the relative influ-
ence of the translation (blue) right rotation (red) and
left rotation (green) components, with lags up to
ten frames (0.5 s). Kernels are interpolated and
smoothed for display.
(D) Mean rotational velocity versus the peak firing
rate of this example neuron during spontaneous
walking in the open arena.
(E) A firing-rate map for this example neuron for all rotational and translational velocity combinations. The contour for the 50% firing-rate level is overlaid (green
line, from the smoothed and gap-filled firing-rate map; see Experimental Procedures and Figure S3). See also Movie S1.50 recorded in 27 animals; Figure S1 and Table S1) showed
increased activity associated with bouts of movement (Fig-
ure 1B). We characterized movement by translational and rota-
tional velocity components, i.e., the animal’s forward speed
and rate of turning. We then employed a point-process general-
ized linear model (GLM) to determine the contribution of each
movement parameter (forward velocity, rightward and leftward
rotation rate) to the firing probability of each neuron [26]. The
result is a linear filter or ‘‘kernel’’ quantifying the relative weight
of each movement parameter in predicting spikes preceding or
following each video frame (Figure 1C). A neuronwas considered
‘‘predictive’’ or ‘‘responsive’’ to the parameter if (1) the inclusion
of the parameter in the model reduced the deviance (chi-square
test, p < 0.05) and (2) the estimated coefficient of a negative or
positive time shift (0.05 s/frame), respectively, was significant
(p < 0.05). In addition, themore classic ‘‘tuning curve’’ quantifica-
tion reveals a correlation between the peak firing rate before the
animal begins moving and the translational or rotational velocity
of the movement that follows (Figure 1D). For a particular cell,
the highest activity precedes movements with a particular range
of combinations of translational and rotational velocity (the
‘‘response matrix’’; Figure 1E). The temporal structure of the
kernel reveals that the majority of the recorded cells (47 out of
50) encode the translational or rotational velocity of movements
occurring with a delay of up to 400 ms (Figure 2). That is, these
cells produce spikes that predict the speed of the animal’s
next movement. A subset of cells (17 out of 47) also had signifi-
cant peaks indicating correlation with spikes following move-
ments, i.e., these cells also report the speed of movements
that have just occurred. Although we focus on the movement-
predicting cells in this paper, movement-reporting cells may be
responding to visual or mechanosensory feedback from self-
motion. Another, smaller subset (7 out of 47) of cells with nega-
tive peaks in the translation kernel (i.e., an inverse relationship2796 Current Biology 25, 2795–2803, November 2, 2015 ª2015 Elsevwith velocity) for spikes precedingmovement had corresponding
positive peaks following movement. This pattern was not seen
for rotational velocity. Delays were stable over time: calculating
the delay in the first or second half of the recording session did
not shift the peaks more than 1 frame (0.05 s) for any cell.
To understand howmovement is encoded across this popula-
tion of central-complex cells, we grouped cells in two dimen-
sions: contribution of the translational parameter (rows in Fig-
ure 3A) and the relative ratio of the right and left rotational
parameters (columns in Figure 3A). This analysis allowed us to
quantitatively group cells with similar activity/movement-predic-
tive profiles. Themajority of cells predicted turns to the ipsilateral
side; however, some cells were selective for contralateral turns,
and pairs of cells with opposite selectivity could be recorded on
the same electrode (Figure S1 and Table S1). Cells with contra-
lateral selectivity were not observed in tethered animals walking
in the dark [25]. In our free-walking preparation, these cells may
be recruited preceding turns because of the presence of visual
stimuli and the more natural mechanosensory feedback associ-
ated with closed-loop conditions. The functional implications of
these groups become evident whenwe compare themotor ‘‘tun-
ing’’ of individual cells (Figure 3B). For each cell, we applied a
cutoff of 50% of the maximum observed firing rate to the
response matrix from Figure 1E and used a smoothing and
gap-filling algorithm (see Experimental Procedures and Fig-
ure S3) to produce a contour line that encompasses the range
of movement speeds that followed activity above this threshold
for each cell (Figure 3B).
The groups identified from Figure 3A have regions of selec-
tivity for (1) fast (top row) or slow (bottom row) forward velocities,
corresponding to the distinct ‘‘ambling’’ (< 10 cm/s) and ‘‘trot-
ting’’ (25–35 cm/s) gaits used by these insects [27] (the middle
row does not encode translational speed); (2) right (first column)
or left (third column) turns; and (3) cells modulated by eitherier Ltd All rights reserved
AB
C
Figure 2. Temporal Structure of Movement-Related Activity Kernels
The left column shows examples from individual cells (lines in shades of blue)
for the translational (A), right rotational (B), and left rotational (C) velocity
components. Cells are grouped by the position and magnitude of the signifi-
cant bins in the kernel: (i) positive following movement, (ii) positive preceding
movement, (iii) negative preceding movement, and (iv) biphasic. The right
column shows the position of the peak across all recorded cells. Lines for each
cell span the delay bins with significant positive values before (spikes pre-
ceding movement, red) and after zero (spikes following movement, green),
significant negative values (purple), or bimodal with negative (purple) and
positive (green) values. Black dots indicate the position of the peak. See also
Table S1.
Current Biology 25, 2795–28rotational velocity alone (middle square) or both translational and
rotational velocity (top, middle square) but not selective for any
particular combination or region of the ‘‘movement space.’’
Although recorded in the central complex of multiple animals,
the similarity of movement-predictive activity tuning between in-
dividuals implies that these represent classes inherent to this
population of central-complex neurons.
Any discrete movement by the animal in a horizontal plane is
a combination of translational and rotational speeds. In anal-
ogy with other well-studied examples of neuronal populations
encoding movement [28, 29], combinations of broadly tuned
cells would more precisely specify the direction of the result-
ing movement than any individual cell. The preferred ranges
of the 44 movement-predictive cells in this report cover the
full range of movement of the insect, with overlap among
them.
The insect occasionally remained motionless following a bout
of increased spiking activity from a movement-predicting, cen-
tral-complex cell. Bouts of activity that were not followed by
movement had peak firing rates that spanned most of the range
of bouts that were followed by movement (52% ± 22% of the in-
terquartile range). That the predicted movement occasionally
fails to occur may be interpreted in several ways. The activity
of an individual cell may be a ‘‘vote,’’ directing movement only
if it participates in a quorum of other cells, or individual central-
complex cell activity alone may occasionally not be sufficient
to generate movement, but may influence movement initiated
elsewhere in the brain.
A Mechanism for Re-directing Leg Movement via
Descending Commands
How might the encoding of movement parameters in central-
complex neurons, shown above, ultimately direct movement?
A clue to this question may be seen in changes observed in
thoracic reflexes. Reversal of the relationship between proprio-
ceptor activation and motor neuron activation is observed
when an insect transitions between forward walking and turning
[30] or forward and backward walking [31]. Moreover, a specific
reflex involving the femoral chordotonal organ (FCO) that moni-
tors the angle of the femur-tibia joint and the slow depressor mo-
tor neuron of the coxa (Ds) is reversed when descending input to
the thoracic ganglia is removed by cutting the subesophageal
connectives [32]. The present results suggest that central-com-
plex activity, transmitted through descending neurons to the
thoracic ganglia, may be responsible for reflex reversals associ-
ated with changes in direction of movement. To test this hypoth-
esis, we examined the effect of central-complex stimulation on03, November 2, 2015 ª2015 Elsevier Ltd All rights reserved 2797
A B Figure 3. Grouping of Movement-Predicting
Central-Complex Neurons
(A) Kernels from example cells arranged according
to the height of the translational component (blue
lines) in rows and the relative heights of the right
and left rotational components (red and green
lines) in columns. Kernels are interpolated and
smoothed for display.
(B) Contour lines in the translational and rota-
tional velocity axes at the 50% of maximum
firing-rate levels from the firing-rate map at the
best delay (location of the peak in the stimulus
kernel). Cells shown are a representative sam-
pling of cells spanning the range of observed
selectivity. Cells are sorted according to mem-
bership in the groups from (A). See also Table S1.the FCO-Ds reflex and compared the results to changes that
occur during turning.
Stimulation of the central complex between two recording
wires (100 Hz pulses, 5% duty cycle, over 2 s) in freely moving
insects produced turning in 16 out of 27 animals. Most turns
were to the ipsilateral side, but in some animals (5 out of 27
animals) stimulation produced consistent, contralateral turns in
freely walking animals (Figures 4A and S1C), consistent with
the analysis of recorded activity described above (Figure S1B).
Nevertheless, each animal walked a consistent heading during
the period of stimulation, reproduced across 5–10 trials (Fig-
ure 4A; Movie S2), indicating that any given electrode placement
generated reproducible effects. Moreover, the mean rotational
velocity elicited by stimulating through the recording wires was
significantly correlated (r = 0.50, p < 0.01) with the turning selec-
tivity of the cells recorded at the site (Figure 4B). Finally, the
similarity (decreased Euclidean distance) between paths taken
by an animal was high while the stimulation was ongoing and
decreased after the stimulation stopped (Figure 4C). The ques-
tion then is, does activating the central complex via stimulation
in the same region with the same stimulus parameters even in
a restrained preparation alter reflexes in a manner consistent
with turning?
We tested this hypothesis in a subset of animals (n = 10) from
the recording and stimulation experiments. We restrained the
animals in order to isolate the FCO-Ds reflex pathway from the
many reflexes that maintain stability and adjust limb movements
in response to sensory feedback during walking (reviewed in
[33]). When a walking animal transitions from forward walking
to turning, the phase relationship of Ds to the leg angle changes
[34] (Figures 4D–4F). In particular, during forward walking, the
motor neuron activity decreases as the leg is retracted during
the swing phase, but during a turn, the inside leg extends during
the swing phase and retracts during the stance phase, effectively
pulling the body in the direction of the turn. This is accompanied
by sustained activity in the motor neuron, depressing the coxa
and applying downward force. To more directly relate central-
complex activity to alteration of reflexes, we compared the
change in the FCO-Ds phase relationship as the insect switched
from forward walking to turning with the change that occurs as
we switched on the same central-complex stimulation. We
stretched and relaxed the isolated chordotonal organ using the2798 Current Biology 25, 2795–2803, November 2, 2015 ª2015 Elsevfemur-tibia angle recorded from the walking and turning in-
sects, while recording electromyograms fromDs in themesotho-
racic leg.
The pattern of motor neuron activity in the restrained, iso-
lated reflex preparation (Figures 4G–4I) showed a similar in-
crease during the stretch of the FCO (simulated flexion) and
an earlier decrease with relaxation (simulated extension). Criti-
cally, when we stimulated the central complex at sites that
elicited turning in the freely walking animal, we observed sus-
tained motor neuron activity through the relaxation phase (Fig-
ures 4H and 4I). Both spontaneous turning and stimulation
of the central complex at sites that elicited turning movement
(n = 6 animals) shifted the peak of the response (Watson-
Williams test, p < 0.005; Figures 4E and 4H). Stimulation
at sites that elicited forward walking (absolute rotational
velocity < 10/s, n = 4) did not shift the mean response (p >
0.05; Figure 4H). Additionally, the response distribution for
both spontaneous turning and stimulation that elicited turns
showed significant bimodality (log-likelihood test of unimodal
versus bimodal distribution, p > 0.05), while spontaneous for-
ward walking and the isolated reflex alone and during stimula-
tion that did not produce turning were unimodal.
Central-complex stimulation is thus sufficient to alter a reflex,
even in a restrained animal and without the neural activity and
feedback from other proprioceptors that accompany sponta-
neous turning. This suggests that the central complex either
generates or modulates descending signals that specifically
target reflex pathways. Interestingly, our earlier studies showed
that disconnecting the brain from the thoracic ganglia resulted
in a similar reflex reversal as that seen here for stimulation.
We now extend those findings and report that ipsilateral lesion
of a single connective produces reversal of the ipsilateral reflex
(Figure S2). Moreover, lesions within the central complex or
lateral accessory lobe, which disrupted turning behavior to
the contralateral side [21], also reversed the reflex in the contra-
lateral leg. Together, these results support a model in which
activation of the central complex inhibits a tonic descending
signal on the ipsilateral side. The central-complex lesion data
suggest that additional, lateral interactions may exist that inhibit
output on the contralateral side. Consistent with this model, it
has been proposed that the primary output of the central com-
plex is inhibitory [1].ier Ltd All rights reserved
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Figure 4. Stimulation Effects in the Freely
Moving Animal and on a Reflex in the
Restrained Animal
(A) The cumulative heading of individual animals
following stimulation for sites in lateral regions of
the central complex. Turns to the ipsilateral side of
the electrode are on the right, and the three ob-
servations of turns to the contralateral side on the
left.
(B) Linear correlation between the selectivity of
cells recorded at a site and the rotational velocity
resulting from stimulation.
(C) The average similarity over time between
tracks that resulted from repeated stimulation in
the same animal.
(D) Schematic of the FTi joint movement of a
tethered walking animal (blue arrows) and the re-
gion in which the Ds motor neuron was recorded
(blue shading).
(E) The firing-rate distribution of Ds neurons by
step phase of spontaneous forward walking
(blue) and turning (red). Arrows indicate the
population mean of the preferred phase, and
the length represents the vector strength (phase
locking) of the spikes. The distributions of spike
phase were unimodal during forward walking
(blue, log-likelihood test of unimodal versus
bimodal distribution, p > 0.05) and bimodal
during turning (red, log-likelihood test p <
0.001).
(F) The same distribution from (E) presented as a linear histogram (mean ± SEM), with the FCO (green) and FTi (black) phase indicated.
(G) Schematic of the manipulation of the FCO for stimulation experiments.
(H and I) Ds responses (mean ± SEM) to FCO manipulation in the restrained animal for control (cyan) and stimulation at central-complex sites that
produces forward walking (blue) and turning (magenta) conditions, presented analogously to (E) and (F). The spike phase distribution was unimodal during
FCO manipulation alone and paired with stimulation that produced forward walking (cyan and blue, log-likelihood test, p > 0.5) and bimodal for FCO
manipulation with stimulation that produced turns (red, log-likelihood test p < 0.001). See also Table S1, Figure S1, and Movie S2.Alteration of the Central-Complex Representation of
Movement during Climbing
Because the world of a legged insect is complex and unpredict-
able, the central-complex activity that guides similar movements
may change to adapt motor control to various conditions. When
a cockroach transitions from walking to climbing, rotation of a
few key joints converts some of the horizontal force into vertical
[35]. This is accompanied by a change in the phase relationship
of motor neuron activity during the step cycle [36], suggesting
that climbing is facilitated by alteration of the reflexes involved
in coordinating the limbs. The results above suggest that
changes to central-complex activity, transmitted through de-
scending neurons to the thoracic ganglia, may be responsible.
Indeed, the movement-related activity of the central complex
may guide movement by altering a suite of reflexes specific to
the required movement, whether straight, level walking, turning,
or climbing. We next investigated how the representation of
movement described above for animals walking on a flat surface
might be altered when the animal must climb over a barrier.
The same animals tested in the open arena were transferred to
a track with a 1 cm barrier near the opposite end. Animals ap-
proached and evaluated the barrier before rearing, placing the
forelegs on top of the barrier, and climbing over (Figure 5A;
Movie S3) [35, 37]. As in flat-terrain walking in the arena, cells
were observed to fire bouts of action potentials beginning before
a movement bout and peaking before the maximum vertical andCurrent Biology 25, 2795–28horizontal velocity was achieved (Figure 5B). The short duration
of climbing limited the utility of the GLM approach used above.
Instead, here we constructed tuning curves from the peak firing
rate preceding a bout of movement, and three movement pa-
rameters (Figure 5A, inset): the vertical (1) and horizontal (2) ve-
locity of the pronotum, and the projection of that velocity along
the body axis (3). The latter is equivalent to the measurement
of translational velocity in the flat arena. Linear regression
models using these three movement parameters found that for
all but 2 of the 23 cells recorded in both arenas, only inclusion
of the body-axis velocity (3) improved the fit (F test, p < 0.05).
Thus, most recorded cells were not predictive of vertical or hor-
izontal velocity, and the body-axis (i.e., translational) velocity
was used for all further analyses.
A cell was considered altered when the insect begins climbing
if the fit of the regression across all movement bouts was
improved by categorizing each as flat walking or climbing (F
test, p < 0.05). Twelve of the 23 cells met this criterion, while
11 cells did not change between the two conditions (e.g., Fig-
ure 5Ci). No criteria distinguished between these two groups;
cells in both groups belonged to all classes defined above. For
nine of the climbing-altered cells, activity preceding movement
was generally increased above levels seen in the open arena
(increased offset, i.e., y intercept; Figures 5Cii–5Cv). Themajority
of these (6 out of 9; Figure 5Cii) showed little change in gain
(slope of the regression) during climbing, but responses of two03, November 2, 2015 ª2015 Elsevier Ltd All rights reserved 2799
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Figure 5. Alteration of Central-Complex Cell
Properties in the Climbing Condition
(A) Diagram illustrating a cockroach climbing over a
1 cm barrier. Inset shows the distances used to
calculate vertical (a), horizontal (b), and translational
(c) velocities.
(B) Firing rate of a central-complex neuron (orange),
the translational velocity of the animal (blue), and the
height of the pronotum (dark shaded segment in A,
cyan line) during the movement shown in (A). Gray
shading indicates the delay between peaks in the
firing rate and peak translational velocity of the re-
sulting movement bout.
(Ci–Cvi) Linear models fit to scatterplot data of the
peak firing rate versus the peak translational velocity
of the following bout of movement for six example
neurons (out of 23) in the climbing trials (red) and in
the open arena without (blue) and with (green) a
weight23 the body weight of the animal attached.
See also Table S1 and Movie S3.cells decreased gain (Figures 5Ciii and 5Cv), and one increased
(Figure 5Civ). The remaining three cells that did not increase
offset had negative gains during the climbing trials (Figure 5Cvi).
Although the increased effort of climbing may account for
these results, when animals were burdened by attached weights
in the level-terrain condition, effectively doubling their body
weight, the correlation between burst activity and locomotion
did not change (5 cells in 3 animals; example in Figures 5Cii
and 5Cvi, green dots and line).
The diversity of these changes reveals that the central-com-
plex neural code for movement is flexible. When the demands
of movement in a particular direction change, cells may join
or leave the participating population, change the gain of their
activity, or remain unaltered. This may represent a state change
in the central complex, altering the representation of movement
specific to the new behavioral state. Several speculative inter-
pretations are possible but were not testable in the present
experiments, e.g., (1) central-complex activity may uniquely
specify the suite of limb reflexes to be altered, and changes
observed during climbing may reflect these alterations directly,
or (2) central-complex neurons that predict and control move-
ment in the horizontal plane may be modulated by the addition2800 Current Biology 25, 2795–2803, November 2, 2015 ª2015 Elsevier Ltd All rights reservof vertical movement. The latter interpreta-
tion would predict that the 2D maps
observed in the cockroach may be elabo-
rated to 3D representations in climbing,
diving, or flying insects.
Conclusions
These results clarify the control of move-
ment by the central complex of the insect
brain. Spatial information is integrated
from multiple modalities, activating a sub-
set of movement-selective cells, out of a
population that covers the range of move-
ment available to the animal. Other factors,
such as a barrier to be stepped over, may
alter the population to suit the new condi-
tions. This resulting code likely targetscircuits in the lateral accessory lobe and elsewhere, ultimately
influencing the activity of descending neurons and modifying re-
flex circuits in the thoracic ganglia to change the direction of
movement.
The broad, overlapping selectivity of movement-predictive
central-complex cells suggests that these cells likely produce
a set of descending signals that interact with another layer of
distributed processing networks in the thoracic ganglia. At mul-
tiple levels in the insect sensorimotor system, behavioral flexi-
bility is facilitated by these ‘‘parliaments’’ of cells [38] whose
combined influence on the reflexes and pattern generators in
the effectors (wings, legs, and body segments) facilitates flex-
ible, adaptive movement.
The prospective, combinatorial coding of movement direc-
tion and speed shares remarkable similarities with movement-
predictive cells in the parietal [39] and medial entorhinal [40]
cortex of foraging rats. The present report of egocentric, self-
motion-predicting cells in the insect central complex joins
previous reports of encoding of allocentric information: e.g.,
orientation-selective cells that share features of mammalian
head-direction cells [10], and sky-compass cells [13]. The com-
mon requirements of navigation suggest that other populationsed
of central-complex neurons may be functionally analogous to
components of vertebrate navigation systems [41].EXPERIMENTAL PROCEDURES
Freely Walking Recording and Stimulation
Adult cockroaches (Blaberus discoidalis) were housed together in 5-gallon
plastic bins with free access to food and water. The room was maintained at
27C throughout the12 hr/12 hr light/dark cycle. Healthy males with intact
antennae were selected for experiments and anesthetized with ice for implan-
tation of the electrodes, as described in detail elsewhere [42]. Briefly, animals
were restrained with large pins straddling the limbs, and with a plastic collar
and dental wax supporting and immobilizing the head. A small section of
cuticle was removed between the ocelli. Connective tissue and fat were
removed to expose the brain. Using fine forceps, a small section of the sheath
surrounding the brain was removed immediately above the insertion site. A
bundle of four 12 mm nichrome wires (Kanthal RO-800, Sandvik Heating Tech-
nology) was inserted using a micromanipulator The wire was secured and the
head capsule closed with two small pieces of acetate and dental wax. A sepa-
rate reference wire consisting of three 56 mm copper wires was inserted ante-
rior to the brain and sealed with dental wax. The recording wires were shielded
inside a polyethylene tube. A wooden support attached to the pronotum held
the wires above the animal. All brain recordings were made on a Neuralynx
Cheetah system in the tetrode configuration.
Animals recovered for at least 60minbefore being transferred to a 103 10 cm
brightly lit antechamberconnected to thebehavioral arena.Thearenawasmade
from acrylic sheets painted white, measuring 40 3 40 cm with 10 cm walls
coated with petroleum jelly to prevent climbing. A 203 53 10 cm clear acrylic
barrier supported the headstage for the recording wires and prevented the
animal from passing underneath and tangling thewires. In some trials, a shaded
535cmshelterwasplacedalongonewall to encourageexploration. Theanimal
was allowed to explore the arena until it ceased moving for several minutes, at
which point it was removed and placed in a darkened container. This was
repeated 5–15 times for each animal. Some animals were subsequently trans-
ferred to an elongated arena with a 1 3 5 cm acrylic block near the opposite
end. Once the animal negotiated the barrier, it was removed for several minutes
before beginning another trial. All experiments were performed under 1500 lux
illumination from incandescent bulbs and recorded from above at 20 frames
per second for the open arena (Basler A602f) or from the side at 120 frames
per second for the climbing arena (Casio Exilim).
Single-unit activity was sorted using automated clustering (KlustaKwik, K.
Harris, Rutgers University) and further refined into clusters belonging to
individual units (MClust, A.D. Redish, University of Minnesota) as described
previously [24]. Final validation of clustering and removal of inaccurately
clustered spikes were performed in Offline Sorter (Plexon). The identity of cells
between trials was confirmed by the position of the clusters in several wave-
form parameters (peak, valley, energy, etc.) and high (> 0.8) correlation be-
tween the waveforms recorded in each trial. Timestamps were exported to
MATLAB (The MathWorks) for further analysis.
All analysis of neural data was performed using custom scripts in MATLAB.
Ctrax [43] was used to obtain the position and orientation of the animal from
the videos of the open-arena experiments, while the position of the pronotum
(directly behind the head) in the climbing experiment was tracked using
WINanalyze (Mikromak). From these, the translational velocity and rotational
velocity between frames were calculated, along with the height of the prono-
tum in the climbing trials, for each frame of the video.
The contribution of the movement parameters to the spike probability of
each cell was quantified by fitting a point-process (Poisson) generalized linear
model to quantify the weight of each covariate (translational speed, right and
left rotational speed) in predicting spikes in the preceding and following
frames. A cell was considered modulated by a movement parameter if the
addition of the parameter to the model significantly reduced the deviance
(chi-square test, p < 0.05), i.e., improved the goodness-of-fit. Shifting by frame
(0.05 s, 15 negative and 15 positive shifts) produces a ‘‘kernel’’ of the time-
dependent contribution of each parameter to the spike count. A neuron was
considered to be ‘‘predictive’’ of the movement parameter if any of the nega-
tive-shifted bins (spikes preceding movement) in the kernel were significantCurrent Biology 25, 2795–28(p < 0.005) and to be ‘‘responsive’’ if the positive-shifted values (spikes
following movement) were significant (p < 0.005). The delay range for the cells
was calculated as the range of significant values surrounding zero shift. Selec-
tivity for translational versus rotational velocity was calculated as the ratio be-
tween the peak height of the translational kernel and the larger of the peaks of
the two rotational kernels. Rotational selectivity was calculated as
maxðkleftÞ max

kright

maxðkleftÞ+max

kright
 ;
which yields a value between 1 (right selective) and 1 (left selective). Cells
were sorted along two dimensions: (1) rotational selectivity (right selective,
not selective, or left selective) and (2) the peak of the translational component
(positive, zero, or negative), for a total of nine groups.
As both locomotor activity and spiking activity occurred in bouts (Figure 1B),
correlations between peak firing rate and peak translational and rotational ve-
locity were used for some analyses. Firing-rate maps were produced as
described previously [25]. First, the velocity vectors were shifted by the time
of the peak in the stimulus kernel (i.e., the best delay). Each movement bout
was assigned to the bin on the translational and rotational velocity axes corre-
sponding to the peak values of the velocity components during that bout. The
average of the peak firing rates of all bouts in each bin forms a matrix, which
was then smoothed with a 2 3 2 bin Gaussian filter. To allow comparison be-
tween maps, gaps were filled using a gradient-extrapolating algorithm (Gridfit)
[44], and the constant-firing-rate contours between the minimum and
maximum firing rate were produced at intervals of 10% of the maximum firing
rate for each neuron (Figure 1E). The 50% contours were aligned between an-
imals by normalizing to the maximum translational and rotational velocity
achieved by each animal.
For the climbing experiments, the peak firing rate preceding movement was
fitted with a linear model with parameters of horizontal, vertical, and transla-
tional velocity. Translational velocity was calculated as the displacement of
the pronotum along the body axis over time. Models with one or more param-
eters and a categorical value of ‘‘walking’’ or ‘‘climbing’’ were evaluated by
comparing goodness-of-fit (F test).
Following the recording trials, the animals were stimulated by current injec-
tion between two of the recording wires (100 Hz, 5% duty cycle, 2 s duration,
5–25 mA). The resulting movements were recorded on video, and the track and
velocity of the animal produced as above. The average Euclidean distance be-
tween paths following stimulation was calculated for each animal. A similarity
index was calculated as the ratio of this distance to an estimate of random sim-
ilarity (generated by choosing paths of equal length from all recorded bouts). At
the end of all experiments, 5 s of 5 mA DC current were passed between a
recording wire and the reference electrode to lesion the brain and deposit cop-
per for later histological identification of the recording site.
Reflex Experiments
The neck connective and central-complex lesions were performed as
described previously [21, 32]. Animals were anaesthetized with CO2, and
one of the neck connectives was severed with fine scissors through a small
incision in the cuticle. Central-complex lesions were produced with a stainless
steel probe (Micro Probes) inserted as described for the recording experi-
ments above. The probe was dipped in calligraphy ink for later identification
of the track through the brain. Current (40 mA) was injected for 30 s, producing
lesions 100–150 mm in diameter.
For all electromyogram recordings, holes were made in the coxa with a pin,
and 64 mm copper wires were inserted in the proximity of the coxal depressor
muscle 135D. Signals were amplified by an AC amplifier and recorded either
with Axoscope software and a Digidata 1322A interface (Molecular Instru-
ments) or with custom software in MATLAB and an analog-digital board (NI-
1200, National Instruments). For subsequent restrained experiments, animals
were transferred to a dish and pinned dorsal side up. The coxa-trochanter
(CTr) and femur-tibia (FTi) joints of the T2 legs were pinned at 90. A small
portion of cuticle was removed from the femur, exposing the FCO apodeme.
A pair of fine forceps was attached to the apodeme and clamped shut, and
the distal end was cut. The forceps were attached to a speaker driven by either
a custom ramp-and-hold function generator (500 ms ramp, 5 s hold) or the
analog output of the analog-digital board controlled by custom MATLAB
scripts. The gain of the ramp stimulus was adjusted to 0.4 mm, equivalent to03, November 2, 2015 ª2015 Elsevier Ltd All rights reserved 2801
45 of FTi movement [32]. To simulate the joint movement of walking and
turning, we imported waveforms from the recorded FTi angles from walking
and turning cockroaches [34] and inverted them, to reflect the inverted rela-
tionship between FCO stretch/relaxation and FTi flexion/extension. For the
stimulation trials, the central complex of the restrained animal was stimulated
with the same pulse train as in the freely walking condition (see above), imme-
diately followed by either the ramp-and-hold or the walking/turning waveform
manipulation of the FCO.
Spikes were extracted and analyzed on custom MATLAB scripts. The
relationship of Ds spikes with FTi angle or FCO phase in each condition (spon-
taneous walking versus turning, FCO manipulation with or without central-
complex stimulation) was fit with a von Mises distribution, yielding a mean
and standard deviation of the phase relationship (CircStat toolbox for MATLAB
[45]). Deviation from uniformity (i.e., significant peaks in the histogram) was
evaluated by the Raleigh test, and differences between mean phases were
evaluated by the Watson-Williams test. To test for bimodal distributions, we
fit the data with a mixture of two von Mises distributions by a method-of-mo-
ments algorithm [46] and used a log-likelihood test to compare the fit to the un-
imodal distribution.
After the recording and stimulation experiments, brains were removed and
placed in a dilute ammonium sulfide/saline solution for 15 min to precipitate
the copper. To identify recording or lesion sites, brains were fixed in an 85%
ethanol/5% acetic acid/10% formaldehyde solution overnight, embedded in
Paraplast (Fisher), and sectioned at 12 mm. Copper deposits were intensified
with Timm’s sulfur-silver intensification, and all sections were counterstained
with 1% toluene blue. Deposits of copper, ink, or the lesions themselves
were used to identify the location of the electrodes.
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